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Abstract 
Interest in blue energy harvesting systems is rapidly growing and becoming widespread given its promise 
as a renewable and clean energy source. Blue energy harvesting from raindrop impact would allow low-
power systems to operate in remote areas without the need for battery replacement and related 
maintenance. Insufficient power output is the most critical limitation that makes the conventional types of 
rain energy harvester (REH) typically unusable or/and infeasible. To overcome this limitation, a bio-
inspired metasurface skin is proposed in this paper to serve as the membrane for a piezoelectric type of 
REHs. The proposed metasurface membrane is comprised of a system of biaxial-cuts inspired by snake 
scale. The power enhancement of the bio-inspired harvester with a metamembrane was studied and 
compared to its equivalent conventional harvester with a plain membrane when the substrate was under 
raindrop pressure. The Finite Element Model (FEM) results showed that the metamembrane could 
transfer more stress deformation to the piezo-element layer, thus enhancing power output. This is 
attributable to the metasurface membrane polarizing the PVDF better than a conventional plain 
membrane because of its higher ability to stretch the PVDF. The proposed bio-inspired harvester could be 
used for different public facilities such as tents, umbrellas, awnings, temporary roofs, coverings, and tarps 
to provide power for sensing, lighting, signage, digital displays, etc., especially in heavy-rain regions. 
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ABSTRACT 
Interest in blue energy harvesting systems is rapidly growing and becoming widespread given its promise as a renewable 
and clean energy source. Blue energy harvesting from raindrop impact would allow low-power systems to operate in 
remote areas without the need for battery replacement and related maintenance. Insufficient power output is the most 
critical limitation that makes the conventional types of rain energy harvester (REH) typically unusable or/and infeasible. 
To overcome this limitation, a bio-inspired metasurface skin is proposed in this paper to serve as the membrane for a 
piezoelectric type of REHs. The proposed metasurface membrane is comprised of a system of biaxial-cuts inspired by 
snake scale. The power enhancement of the bio-inspired harvester with a metamembrane was studied and compared to its 
equivalent conventional harvester with a plain membrane when the substrate was under raindrop pressure. The Finite 
Element Model (FEM) results showed that the metamembrane could transfer more stress deformation to the piezo-element 
layer, thus enhancing power output. This is attributable to the metasurface membrane polarizing the PVDF better than a 
conventional plain membrane because of its higher ability to stretch the PVDF. The proposed bio-inspired harvester could 
be used for different public facilities such as tents, umbrellas, awnings, temporary roofs, coverings, and tarps to provide 
power for sensing, lighting, signage, digital displays, etc., especially in heavy-rain regions. 
 
Keywords: Bio-inspired Metasurface, Wearable Technology, Blue Energy Harvesting, Kirigami, Metamaterial 
Piezoelectric Energy Harvesting. 
 
1. INTRODUCTION 
The depletion of fossil fuels at a fast rate combined with its destructive impact on ecosystems, habitats, and climate change 
is accelerating the development of alternative energy sources. During the past decade, there has been a tremendous interest 
in the use of potential sources for clean and renewable energy such as solar energy [1], ambient vibration [2], geothermal 
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energy [3], wind vortex shedding [4], biofuels [5], and , of interest to this paper, water [6]. Given the surface of the Earth 
is composed of 70 percent water, special attention has recently been paid to energy derived from this blue resource. 
Renewable blue energy resources have a great potential to tackle the energy crisis and reduce greenhouse gas emissions. 
Moving water such as currents, waves, and tides are potentially the most abundantly available blue energy to humans that 
could be harnessed for useful purposes. Falling raindrops can be turned into electrical energy owing to their kinetic energy, 
and different studies have been conducted on energy harvesting from rainfalls [7]. However, efficient energy harvesting 
from raindrops is a big challenge due to its low-frequency kinetic energy.  
 
Piezoelectric energy harvesting (PEH) techniques convert the applied mechanical stress to electrical energy using 
piezoelectric materials [8]. In 2015, Ilyas and Swingler proposed a Blue PEH (BPEH) device for harvesting energy from 
raindrops [9]. They used PVDF as the active piezoelectric film under the impact of raindrops. The BPEH device with a 
dimension of 25 × 13 × 3 mm3 and a load resistance of 2.2 MΩ generated 2.5 μW power and 90 nJ energy during one 
impact. BPEH devices need to be manufactured water-, sunlight- and wind-resistant to be able to operate outdoor to harness 
blue energy from raindrop impacts [9]. The typical raindrop size of 0.5 – 5.8 mm is usually taken into account during the 
miniaturization of the BPEH devices [10]. Wong et al. compare the raindrop energies scavenged by BPEH devices with 
various structures such as bridge, solid film, and cantilevers, revealing that the bridge structure generates a higher power 
[10]. Guigon et al. conducted extensive experimental and theoretical research on BPEH in 2008 [11, 12]. They utilized a 
single sheet of polyvinylidene fluoride (PVDF) as a piezoelectric material. They reported that by using various drop sizes 
and heights, a minimum of 1 nJ of electrical energy and 1.0 μW of power could be harnessed. Furthermore, the harnessed 
energy and power can be increased up to 25 μJ and 12 mW, respectively, under an artificial rain downpour. Viola et al. 
[13] compared the BPEH by means of a piezoelectric transducer made of Lead Zirconate Titanate (PZT) and PVDF. Their 
study disclosed that PVDF-based transducers outperform due to higher power generation, lower cost, and less toxicity. In 
2017, Ilyas and Swingler managed to enhance the efficiency of their device by 0.671% through optimizing the surface 
angle, surface condition, and impact region [14]. Sultana et al. [15] developed an inorganic-organic piezoelectric 
nanogenerator by incorporating zinc sulfide nanorods into PVDF nanofibers. Poor energy conversion efficiency as a result 
of weak transduction of vibration energy to generator components is an important issue for BPEH devices. 
 
Metamaterials are used to augment materials with additional functionalities including  energy absorption, sensitivity, 
stretchability, and negative Poisson’s ratio (NPR) [16]. Recently, auxetic metamaterials with NPR have been employed as 
conversion media in lieu of natural materials for developing high-performance PEH [17] and sensors [18]. In one of the 
initial works on metamaterial-inspired PEH, Farhangdoust et al. [17] have analytically and numerically demonstrated that 
the harvested power output of a kirigami auxetic type of PEH could be 19.2 times greater than the power output produced 
by an equivalent conventional PEH. Photonic crystals and acoustic metamaterials are the most studied metamaterials in 
PEH devices [19]. Wu et al. proposed an acoustic energy harvester using a PVDF piezoelectric film placed in a cavity of 
a sonic crystal [20]. As a result of the strong vibration of the PVDF film by the acoustic wave in the cavity, the output 
voltage of the device was increased by 625 times compared to without the cavity [20]. Owing to complexity in 
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manufacturing three-dimensional (3D) metamaterials, metasurfaces, two-dimensional (2D) counterparts of metamaterials 
have attracted attention since surfaces are easier to pattern, print, or manufacture [21]. De Ponti et al. numerically showed 
that combining the graded elastic metasurfaces with multiple piezoelectric harvesters leads to broadband energy production 
from ambient vibration spectra with enhanced efficiency [22]. Inspired by the skin of a snake, we aim to introduce the 
metasurface into a BPEH device to harvest the blue energy from raindrops. Here, PVDF is chosen as the piezoelectric 
materials because of its lightness, eco-friendly, and flexibility. Using Kirigami patterns [22, 23], we literally stretched the 
ability of the piezoelectric films for energy harvesting. Using Finite Element Analysis (FEA), we show that our unique 
design could be used for increasing the efficiency of power generated from rainfalls.  
 
2. MODELING AND SIMULATION 
This paper introduces a new piezoelectric energy harvesting skin (PEHS) for capturing of the energy of rain droplet 
impacts. The proposed bio-inspired BPEH can be used for different public facilities such as tents, umbrellas, awnings, 
temporary roofs, coverings, tarps to provide power for sensing, lighting, signage, digital displays, etc., especially in high-
rain regions (Figure 1).  
   
 Figure 1: Several of the many options for the use of the proposed bio-inspired-BPEH  
 
A biaxial type of kirigami metamaterial surface (metasurface) is used for the membrane of the PEHS. The kirigami 
metasurface is a platform with high flexibility in both longitudinal and transverse directions. The selected kirigami 
geometry is inspired from snake scales found in nature [24] (Figure 2). Kirigami designs are recognized in flexible 
applications as a great potential to provide a better stretchability to the membrane and, therefore, to enhance the PVDF’s 
polarization [17].  
Proc. of SPIE Vol. 11591  115911D-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 30 Mar 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
 
Figure 2: Bio-inspiration of the metasurface design constituting the membrane of the PEHS 
 
FEA was performed via COMSOL Multiphysics 5.5 to investigate the power enhancement of the proposed PEHS under a 
sinusoidal pressure (raindrop simulation). As shown in the simulation model (Figure 3), the PEHS consists of a 







Figure 3: A schematic of different layers used in the blue energy harvester. 
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The metasurface membrane layer is located on top of the substrate. A diaphragm is created in the substrate by removing 
365 μm from the backside, leaving 135 μm substrate beneath the membrane layer. PVDF is also attached on top of the 
metasurface membrane. It was assumed that the PVDF is sandwiched between top and bottom electrodes. To demonstrate 
the benefits of the metasurface membrane for power enhancement, a conventional BPEH was also modeled with an 
equivalent plain membrane, and its performance was compared to the metasurface membrane. Figure 4 shows both plain 
and metasurface membranes. Tables 1 shows the dimensions of the piezoelectric energy harvester.  
 
 
Figure 4: Plain membrane (left) and metasurface membrane (right) 
 
Table 2 introduces the mechanical and material properties of the PVDF, membrane, and substrate used in both BPEHs. 
 
Table 1: Parameter values used in the simulations. 
Part Parameter Value Unit 
Substrate Width, 𝑊𝑠 14 mm 
Length, 𝐿𝑠 13.5 mm 
Thickness, 𝑡𝑠 500 𝜇m 
Cover’s Thickness, 𝑡𝑐 125 𝜇m 
Membrane Width, 𝑊𝑚 12.125 mm 
Length, 𝐿𝑚 11.5 mm 
Thickness, 𝑡𝑚 250 𝜇m 
PVDF Width, 𝑊𝑝 11.625 mm 
Length, 𝐿𝑝 11 mm 
Thickness, 𝑡𝑝 250 𝜇m 
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Table 2: Material properties for the BPEHs. 
Material Property  Value 
Piezo-Element:  
Polyvinylidene fluoride (PVDF) 
Density, Kg/𝑚3 ρPVDF 1780 
Load Resistance, k 𝛺 R 20000 
Compliance Matrix, 𝑝/𝑃𝑎 s11
E  378 
s33
E  109 
Coupling Matrix, 10−12 C/N d31 13 
d32 14 
d33 -33 
Relative Permittivity, -- ε33 7.6 
Substrate and Membrane: 
Polycarbonate (PC) 
Density, Kg/𝑚3 ρPC 𝜌(T) [25]   
Poisson’s Ratio νPC 𝜈(T) [25]   
Young’s Modulus, GPa EPC E(T) [25]   
 
 
3. RESULTS AND DISCUSSIONS 
Finite element (FE) modeling was employed in COMSOL Multiphysics® 5.5 to study the benefits of the metasurface on 
the harvested power. The FE model is schematically illustrated with cross-section and bottom views in Figure 5. The model 
consists of a PC substrate, with a bio-inspired honeycomb of kirigami as its membrane, and a piezoelectric element of 
PVDF. In simulations, elastic deformation energy is transferred to the PVDF caused by the membrane’s expansion, and 
accordingly, polarization takes place along the Z-axis. 
   
Figure 5: The models of raindrops and harvesters in the simulation study 
 
In the FEA, the raindrop condition has been simulated when the diaphragm of the substrate was subjected to a bending 
harmonic displacement to produce an overall pressure of raindrop. Figure 6 shows the simulated power output for both 
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conventional and bio-inspired BPEHs. As a result, the power output of the proposed bio-inspired BPEH shows a better 
performance compared to its equivalent conventional one for the different range of electrical load resistance.  
    
Figure 6 : Average power output against electrical load resistance for both BPEHs 
 









(σ11̅̅ ̅̅ + σ22̅̅ ̅̅ )
2                                                                                                                                   (1) 
 
where tp, d31, εT, and σ denote the thickness of the piezo-element, piezoelectric constant, permittivity, and stress value, 
respectively.  
 
Kavian et al. [26] and Nouhou Bako et al. [27] reported the range of 20-80 kPa for simulated raindrop pressure. 
Accordingly, as a further evaluation, Figure 7 presents the simulated power outputs of the BPEHs as they were excited at 
the pressure amplitude of the raindrop. 
 
Figure 7: Simulated results of pressure amplitude on the power output of the BPEHs 
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As shown in Figures 6 and 7, the impact of the metasurface mechanism on the power increase is positive. Eq. (1) shows 
that the power output of a BPEH depends on the sum of the axial and lateral stress tensors across its PVDF. Power 
enhancement and stress performance of PVDF have been investigated for both bio-inspired and conventional BPEHs for 
an identical input. The stress distribution over the PVDF layer was examined for both simulated BPEHs in Figure 8.  
 
 
Figure 8: The PVDF’s stress distributions of the conventional BPEH (left) and bio-inspired (right) surfaces  
 
Figure 8 illustrates that the metasurface membrane polarizes the PVDF better than a conventional plain membrane, 
attributable to its higher ability to stretch the PVDF.  Table 3 summarizes the stress values and their corresponding power 
output for the simulated BPEHs at 1010 kΩ, 20 kPa, and 500 Hz. This Table demonstrates that the sum of the axial and 
lateral stress tensors for the BPEH’s PVDF with the metamembrane (1.56) is larger than the conventional BPEH (1.42), 
which is a proof of concept for Eq. (1). In other words, the bio-inspired BPEH can transfer more stress deformation to the 
PVDF layer, and therefore the power output will be enhanced compared to an equivalent conventional BPEH with a plain 
membrane. 
 
Table 3: The average stress values of the PVDF for both BPEHs and their corresponding power output 
Design 𝝈𝟏𝟏̅̅ ̅̅ ̅, MPa 𝝈𝟐𝟐̅̅ ̅̅ ̅, MPa 𝝈11̅̅ ̅̅̅ + 𝝈22̅̅ ̅̅̅, MPa Power, µW 
Bio-inspired 0.76 0.80 1.56 10.50 
Plain 0.69 0.73 1.42 8.82 
 
In order to compare the harvesting performance of the proposed bio-inspired against the conventional harvester, a 
comparison ratio 𝜂 is defined as the power gain factor (Eq. 2). 
𝜂 =  
𝑃𝑜𝑤𝑒𝑟𝐵𝑖𝑜−𝑖𝑛𝑠𝑝𝑖𝑟𝑒𝑑 𝐵𝑃𝐸𝐻
𝑃𝑜𝑤𝑒𝑟𝑃𝑙𝑎𝑖𝑛 𝐵𝑃𝐸𝐻
                                                                                                                                                        (2) 
According to the Eq. (2), 1.2 can be reached as the magnification factor for the bio-inspired BPEH at 20 kPa and 500 Hz. 
Proc. of SPIE Vol. 11591  115911D-8
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 30 Mar 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
4. CONCLUSION 
A bio-inspired metasurface skin is proposed in this paper to generate electrical power from raindrop impact, with the 
objective to overcome the low efficiency of blue energy harvesters (BEH). The proposed metasurface membrane is 
comprised of a complex of biaxial-cuts inspired by snake scale. The bio-inspired harvester's power enhancement with a 
metasurface membrane was studied and compared to its equivalent conventional harvester with a plain membrane when 
the substrate was under raindrop pressure. The FEM results showed that the metasurface membrane could transfer more 
stress deformation to the piezo-element layer, and therefore the power output will be enhanced with a power multiplication 
up to 1.2 at 20 kPa and 500 Hz. According to the numerical results, the metasurface membrane polarizes the PVDF better 
than a conventional plain membrane because of its higher ability to stretch the PVDF. The simulation results showed that 
the metasurface membrane polarizes the PVDF better than a conventional plain membrane because of its higher ability to 
stretch the PVDF. It was shown that the sum of the axial and lateral stress tensors for the BPEH’s PVDF with the 
metasurface membrane (1.56) is larger than the conventional BPEH (1.42), which is a proof of concept for performance 
improvement. In other words, the bio-inspired BPEH can transfer more stress deformation to the PVDF layer, and therefore 
the power output will be enhanced compared to an equivalent conventional BPEH with a plain membrane. The proposed 
bio-inspired BPEH could be used for different public facilities such as tents, umbrellas, awnings, temporary roofs, 
coverings, tarps to run low-power devices such as light. 
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